
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Sun, H;Cleary, JO;Glarin, R;Kolbe, SC;Ordidge, RJ;Moffat, BA;Pike, GB

Title:
Extracting more for less: multi-echo MPRAGE for simultaneous T-weighted imaging, T
mapping, R2∗ mapping, SWI, and QSM from a single acquisition

Date:
--

Citation:
Sun, H., Cleary, J. O., Glarin, R., Kolbe, S. C., Ordidge, R. J., Moffat, B. A. & Pike, G. B.
(). Extracting more for less: multi-echo MPRAGE for simultaneous T-weighted
imaging, T mapping, R2∗ mapping, SWI, and QSM from a single acquisition. Magnetic
Resonance in Medicine,  (), pp.-. https://doi.org/./mrm..

Persistent Link:
https://hdl.handle.net//



This is the author manuscript accepted for publication and has undergone full peer review but has 

not been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/MRM.27975

This article is protected by copyright. All rights reserved

DR. HONGFU  SUN (Orcid ID : 0000-0003-3436-7831)

Article type      : Full Paper

Extracting more for less: Multi-echo MP2RAGE for simultaneous T1-weighted imaging, 

T1 mapping, R2* mapping, SWI, and QSM from a single acquisition

Hongfu Sun1,2*, Jon O. Cleary3,4, Rebecca Glarin3, Scott C. Kolbe3,5, Roger J. Ordidge3, Bradford 

A. Moffat3, G. Bruce Pike2

1School of Information Technology and Electrical Engineering, University of Queensland, 

Brisbane, Queensland 4072 Australia

2Department of Radiology, University of Calgary, 3330 Hospital Dr. NW, Calgary, Alberta T2N 

1N4 Canada

3Department of Medicine and Radiology, University of Melbourne, Parkville, Victoria 3052 

Australia

4Department of Radiology, Guy’s and St. Thomas’ NHS Foundation Trust, London, U.K.

5Department of Neuroscience, Monash University, Melbourne, Victoria 3004 Australia

*Correspondence to: Hongfu Sun, School of Information Technology and Electrical Engineering, 

General Purpose South (Building 78), University of Queensland, St Lucia campus, Queensland 

4072 Australia. Phone: +61 7 336 54307. Email: hongfu.sun@uq.edu.au

Word count: 4861 words

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t

https://doi.org/10.1002/MRM.27975
https://doi.org/10.1002/MRM.27975
https://doi.org/10.1002/MRM.27975
mailto:hongfu.sun@uq.edu.au


This article is protected by copyright. All rights reserved

ABSTRACT

Purpose: To demonstrate simultaneous T1-weighted imaging, T1 mapping, R2* mapping, SWI, 

and QSM from a single multi-echo (ME-) MP2RAGE acquisition.

Methods: A single-echo (SE-) MP2RAGE sequence at 7 T was extended to multi-echo with 4 

bipolar GRE readouts. T1-weighted images and T1 maps calculated from individual echoes were 

combined using sum-of-squares and averaged, respectively. Multi-echo combined SWI and 

associated minimum intensity projection (mIP) images were generated with echo-time adjusted 

homodyne filters. A QSM reconstruction pipeline was used, including a novel Phase-Offsets 

Estimation from Multi-echoes (POEM) method to properly combine the phase images from the 

32 receiver channels. Measurements of susceptibility, R2* and T1 of brain tissue from ME-

MP2RAGE were compared with those from standard multi-echo (ME-) GRE and SE-

MP2RAGE.

Results: The multi-echo combined T1-weighted, T1 map, SWI, and mIP images showed 

increased SNRs compared to the single-echo results. The proposed POEM coil combination 

method led to QSM results free of phase-singularity artifacts, which were present in the standard 

adaptive combination method. T1-weighted, T1 and susceptibility maps from ME-MP2RAGE 

were comparable to those obtained from SE-MP2RAGE and ME-GRE, while R2* maps showed 

increased blurring and reduced SNR. T1, R2* and susceptibility values of brain tissue from ME-

MP2RAGE were consistent with those from SE-MP2RAGE and ME-GRE.

Conclusion: High resolution structural T1 weighted imaging, T1 mapping, R2* mapping, SWI, 

and QSM can be extracted from a single 8.5-minute ME-MP2RAGE acquisition using a 

customized reconstruction pipeline. This method can be applied to replace separate SE-

MP2RAGE and ME-GRE acquisitions to significantly shorten total scan time.

KEYWORDS: ME-MP2RAGE, QSM, POEM, multi-parametric mapping, coil combination, 

magnetic susceptibility
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INTRODUCTION

Clinical and research brain MRI protocols typically include multiple acquisitions using different 

pulse sequences to obtain various image contrasts and to quantitatively map tissue properties, 

with each additional acquisition increasing scan time. A single MRI acquisition, of clinically 

acceptable scan time, that can produce multiple image contrasts and quantitative maps is 

beneficial for time efficiency and inherent image registration. A high-quality T1-weighted 

anatomical scan, providing excellent image contrast between grey matter (GM), white matter 

(WM), and cerebrospinal fluid (CSF), has become an essential part of clinical and research 

protocols for structural visualization, image segmentation, registration, and morphometry. The 

MPRAGE sequence1 has been widely adopted at clinical field strengths (i.e. 1.5 T and 3 T) for 

T1-weighted imaging. To mitigate the increased B1 field inhomogeneity effects that degrade the 

MPRAGE image quality at ultra-high field (e.g. 7 T), an MP2RAGE (Magnetization Prepared 2 

Rapid Acquisition Gradient Echoes) sequence that combines signals acquired at two different 

effective inversion times has been proposed.2 The MP2RAGE sequence also enables T1 

mapping, which quantifies the longitudinal relaxation time of tissue, without the confounds of 

proton density, T2*, and receiver B1 field inhomogeneity effects.2

A recent extension of the single-echo MP2RAGE (SE-MP2RAGE) to multi-echo (ME-

MP2RAGE) substantially broadened the multi-parametric imaging capability of the sequence.3–5 

Relatively longer echo times in the latter echoes of the ME-MP2RAGE readouts enable 

susceptibility-induced image contrasts, such as T2*-weighted, GRE phase,6,7 and SWI,8 as well 

as quantitative techniques, such as R2* mapping and QSM.9–14 These methods have been used to 

study brain iron changes in healthy aging15–17 and various neurological diseases,18,19 micro-

bleeding or hemorrhage in stroke populations,20–24 as well as myelin changes in multiple 

sclerosis lesions and normal appearing white matter.25,26 In particular, QSM has recently been the 

source of significant methodological development due to its potential for clinical applications 

and neuroscience research. QSM involves a deconvolution of GRE phase maps to recover local 

susceptibility sources, which solves non-local and orientation dependency problems that are 

characteristic of conventional phase imaging and SWI. Also, QSM enables quantitative 

measurements of the tissue susceptibility property that is independent of field strength and 

sequence parameters. However, QSM reconstruction is non-trivial and involves several critical 

pre-processing steps, including the combination of multi-channel phase images. Coil 
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combination of phase images becomes more challenging at ultra-high field due to the lack of 

information from a uniform body coil. Recently, coil combination methods have been proposed 

that do not require a uniform body coil. One method uses an ultra-short TE reference scan,27 

which adds scan time and requires image registration. Another approach requires multi-echoes 

with specific TEs,28 which limits the sequence parameters. The default adaptive coil combination 

method for GRE phase imaging used on ultra-high field Siemens scanners is sub-optimal and 

often leads to phase singularities and poor SNR in the combined phase images. Using such 

degraded phase images as input to the QSM reconstruction pipeline can result in severe artifacts 

in the final QSM images. This has been reported in the original ME-MP2RAGE implementation 

at 7 T,3 where QSM images suffered from substantial artifacts that significantly limit their value. 

The other limitation of the ME-MP2RAGE technique from Metere et al.’s is the long scan 

duration (~20 min). In Metere et al.’s implementation, GRAPPA was implemented in the second 

phase-encoding direction (i.e. inside the inversion loop) to fit in more echoes with longer TEs. 

Another recent implementation at 7 T proposed by Caan et al.5 acquired single echo only in the 

first inversion block, while extending the GRE readouts during the second inversion block to 

multiple echoes (last echo time 28.5 ms). This method makes the first inversion time more 

flexible, which can be chosen to optimize the T1-weighted contrast, and also slightly shortened 

scan duration (16:30 min). Multi-echo MP2RAGE has also been studied at 3 T by Jutras et al.4 

with the last echo time of 13.8 ms. In that study, QSM was not computed, however, R2* map 

displayed low SNR due to the short echo times at 3 T.

In this study, we substantially reduce the 7 T ME-MP2RAGE sequence duration, by 

implementing GRAPPA in the first phase-encoding direction (i.e. outside the inversion loop) and 

keeping the TEs relatively short and efficient with bipolar readouts, to achieve a clinically 

acceptable scan time (8:27 min) for high resolution whole brain imaging, and produce 

anatomical T1-weighted images, T1 maps, SWI, minimum intensity projection (mIP) images, 

R2* maps and QSM, simultaneously. The effect of multi-echo combination on the T1-weighted 

images, T1 maps, and SWI is investigated. We introduce a novel phase-offset correction and coil 

combination method that produces combined phase images with no singularities and demonstrate 

its impact on the final QSM quality, using bipolar readouts. Different tissue properties of basal 

ganglia, white matter, and cortical grey matter, including T1, susceptibility, and R2*, measured 
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from the ME-MP2RAGE sequence are compared with the literature and also with those obtained 

from standard SE-MP2RAGE and multi-echo GRE (ME-GRE) sequences.

METHODS

Pulse sequences and acquisition parameters

A standard MP2RAGE acquisition was extended to multi-echo (ME-MP2RAGE) using a 

prototype sequence on a 7 T whole-body research scanner (Siemens Healthcare, Erlangen, 

Germany). Different from the previous implementation3 with GRAPPA inside the inversion loop 

and monopolar longer echo times, we used GRAPPA outside the inversion loop and bipolar 

shorter echo times to achieve a dramatically reduced total scan time. The modified sequence 

diagram is illustrated in Figure 1. A FOCI adiabatic inversion pulse was applied at the beginning 

of the sequence for magnetization preparation. Within each of the two inversion blocks, repeated 

excitations (1 and 2) and readouts are performed while looping through the second phase-

encoding dimension (kz); TI1 and TI2 correspond to the time between the center of the inversion 

pulse and the central lines of kz phase-encoding. A recovery time was appended at the end of the 

second GRE block before the next inversion pulse with a different gradient step in the first 

phase-encoding dimension (ky). Sequence parameters were: 3D whole head coverage using a 

FOV = 240×240×147 mm3, voxel size = 0.75 mm isotropic, 4 bipolar readouts with TEs = 

2.38/4.62/6.86/9.10 ms, GRE TR = 11.3 ms, TIs = 700/2700 ms, number of excitations per 

readout = 147, sequence TR = 5000 ms, BW = 540 Hz/Px, 1/2= 8/10, GRAPPA acceleration 

factor of 3, 3/4 partial Fourier in both phase and slice directions, no flow compensation, and scan 

time = 8:27 mins.

A conventional high resolution ME-GRE acquisition, which is considered the standard 

for QSM and R2* mapping, was also performed for comparison. The ME-GRE acquisition 

parameters were: 3D whole head coverage using a FOV = 210×210×144 mm3, voxel size = 0.75 

mm isotropic, 9 bipolar readouts with first TE = 5.10 ms, echo spacing = 2.04 ms, last TE = 

21.42 ms, TR = 24 ms, BW = 600 Hz/Px,  = 13, GRAPPA acceleration factor of 2, full flow 

compensation of the first echo, and scan time = 9:25 mins. The conventional single-echo 

MP2RAGE was also performed to compare results of T1-weighted images and T1 maps with 

those from ME-MP2RAGE. The SE-MP2RAGE acquisition parameters were: 3D whole head 
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coverage using a FOV = 240x240x147 mm3, voxel size = 0.75 mm isotropic, TE = 2.96 ms, 

GRE TR = 6.9 ms, TIs = 700/2700 ms, number of excitations per readout = 147, sequence TR = 

5000 ms, BW = 240 Hz/Px, 1/2 = 4/5, GRAPPA acceleration factor of 3, 3/4 partial Fourier 

in both phase and slice directions, no flow compensation, and scan time = 8:12 mins. For all 

acquisitions, a 32-channel head coil was used for signal reception. Nine healthy subjects (age: 

34.4 ± 10.1, 3 females) were scanned using all three sequences (summarized in Table 1).

Echo-combination of T1-weighted image and quantitative T1 map

T1-weighted images and T1 maps were derived by combining the GRE signals at the two 

inversion times, according to the original MP2RAGE paper2, for each echo time. Sum-of-squares 

and averaging methods were used to combine the T1-weighted images and T1 maps from 

individual echoes, respectively. 

The echo-combined T1-weighted images and T1 maps were compared with results from 

individual echoes, and also compared with results from the standard single-echo MP2RAGE 

acquisition. A T1 difference map, between TE1 and TE4, as well as the standard deviation map 

for T1 values from all 4 TEs, were also computed.

Reconstruction and comparison of R2* maps 

For the ME-MP2RAGE sequence, R2* was computed by mono-exponential fitting the 

magnitude images, from the second inversion time, as described previously.29 R2* was also 

derived from the ME-GRE sequence using the same algorithm. To compare R2* maps from the 

two different sequences, the first-echo magnitude image at the second inversion time from the 

ME-MP2RAGE sequence and the first echo of the ME-GRE sequence were co-registered to a 

middle template image using FreeSurfer.30 The transformation matrices were then applied to co-

register the R2* maps from ME-MP2RAGE and ME-GRE. To investigate the effect of different 

ranges of TEs on R2* mapping, R2* fitting was also performed using a subset of the first three 

echoes (5.1, 7.14, 9.18 ms) from the ME-GRE sequence, which approximately matches the TE 

range covered in the ME-MP2RAGE sequence.

Multi-channel coil combination for phase imaging
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The measured phase from individual receiver channels ( ) has three main components: one ��
from the induced magnetic field ( ) that accumulates with echo time, one from the channel-��0

dependent initial receiver phase-offset ( ), and one from eddy currents ( ) originating ����,� ����,�
from the readout gradients, which is dependent on the readout polarity (positive or negative):31

.�� = ―2����0�� + ����,� + ����,�
The coil combination for phase becomes non-trivial due to different  in each receiver ����,�
channel. The adaptive coil combination method32 was used by default in the Siemens 7 T scanner 

output. However, open-ended fringe lines can occur in the adaptive combined phase images 

leading to severe artifacts in the processed phase and QSM images, especially if path-based 

phase unwrapping algorithms are used in the reconstruction pipeline.

Recently, we have introduced a method to estimate and remove the coil-channel and 

gradient polarity dependent phase-offsets before coil combination.33,34 In this paper, we refer to 

the method as POEM (Phase-Offset Estimation from Multi-echo). The POEM method is 

conceptually similar to the dual-echo approach proposed by Robinson et al.35 That method 

involved phase unwrapping of individual channels from two echo times, requiring 64 phase 

unwraps for 32 channel reception. However, individual-channel phase images usually have low 

SNR that can produce phase singularities in some regions. In contrast, the proposed POEM 

method requires only one phase unwrapping on the channel-combined echo-difference map. This 

significantly reduces the reconstruction time compared to the previous dual-echo approach, and 

importantly, significantly enhances the robustness of the method because the channel-combined 

echo-difference map has high SNR and usually short echo spacing, and thus is straightforward to 

unwrap.

With the POEM method, both the receiver  and eddy current phase-offsets  ����,� ����,�
from positive or negative polarity can be removed from each channel using the first two 

consecutive echoes of the same polarity:

.��� = ∠�2,� �1,� = ―2����0���
The phase difference maps  from all channels are combined (complex summation) and ���
unwrapped (best-path method36), producing a phase map  with effective echo time of , �� ���
free of receiver and eddy current phase-offsets. The theoretical phase, without phase-offsets, at 

 is then estimated as: . The phase-offset (i.e. eddy ��1 ���1
= �� ∙ ��1 ��� = ―2����0��1
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current and channel offset effects included) for an individual channel I is computed in the 

complex domain by subtracting the estimated  from the individual-channel phase measured ���1

at :��1 (���1,�)
.����,� + ����,� = ���1,�― ���1

For the current dataset, real and imaginary parts of the phase-offsets were smoothed using 

a Gaussian filter with a sigma of 4 mm to remove any residual structural contrasts. For the 

bipolar sequence data (ME-MP2RAGE and ME-GRE), odd (positive) and even (negative) phase-

offsets were estimated respectively due to different eddy current induced phase-offsets from 

different readout polarities. The POEM estimated phase-offsets were then removed from the raw 

phase and the offset-corrected phase images from multiple channels were combined by averaging 

in the complex domain. 

Echo-combination of SWI and mIP

SWI is usually generated from a single-echo GRE acquisition, with raw phase homodyne-filtered 

and thresholded as a mask. The mask is multiplied several times (e.g. power of 4) before being 

multiplied by the magnitude image, as described in the original SWI paper.8 Multi-echo SWI has 

been proposed37 by applying variable filter widths (FWs) to the phase images of different echo 

times to generate multiple SWI images, and then averaging to produce a combined SWI. Using a 

similar strategy, for the ME-MP2RAGE sequence, phase images from the 4 echoes at the second 

inversion time were homodyne-filtered with FWs from 10% to 25% (with 5% increments) of k-

space. The filtered phases were averaged and used to generate the phase mask. The fourth power 

of the phase mask was applied to the sum-of-squares combined magnitude image to produce an 

echo-combined SWI map. Minimum intensity projection (mIP) was performed on the averaged 

phase map over 15 mm of axial mid-brain slices for visualization of veins. To compare with 

conventional single-echo results, a similar process was also performed on the last echo 

(homodyne FW of 25%) of the ME-MP2RAGE to produce a single-echo SWI and mIP over the 

same brain coverage. SWI images from the ME-GRE sequence were also produced as described 

above, with phase images from the 9 echoes homodyne-filtered with FWs from 10% to 50% of 

k-space.

Reconstruction pipeline for QSM
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Channel-combined phase images at the second inversion time, were unwrapped in 3D using a 

best-path method.36 Note that phase images at the first inversion time were not usable due to the 

π phase shift between regions below and above the zero crossing of the inversion recovery curve 

(Figure 2). The unwrapped phase images were further corrected for any global 2π jumps between 

echoes.38 The assumption is that the echo difference map between any two neighboring echoes Δ
 should be close to that between the first and second echo . An induced magnetic φn ― m Δφ2 ― 1

total field map  was obtained by linearly fitting the echoes according to the equation: ΔB φ = ―γ
, using least-squares minimization weighted by the magnitude of each echo. The total ∙ ΔB ∙ TE

field map was normalized by the main field (i.e. 7 T) and expressed in units of parts-per-million 

(ppm). Binary brain tissue masks were generated using the brain extraction tool (BET)39 from 

FSL by setting the fractional intensity threshold to 0.3 (“bet2 -f 0.3”) and smoothness factor to 2 

(“bet2 -w 2”), on the first-echo magnitude image at the second inversion time. Background field 

was removed using the RESHARP method40 with a spherical kernel radius of 2 mm and a 

Tikhonov regularization parameter of 10-4. Dipole field inversion for QSM was performed using 

the iLSQR method.41

MRI measurements of brain tissue

The magnitude images (first echo) from the three sequences (i.e. ME-MP2RAGE, SE-

MP2RAGE, and ME-GRE) were co-registered to a middle template image using FreeSurfer.42 

After applying the transformation, the co-registered T1-weighted images from ME-MP2RAGE 

were registered to the Montreal Neurological Institute (MNI) template using Advanced 

Normalization Tools (ANTs) software.43 The derived affine and non-linear deformation 

operations were concatenated and then applied to the T1 maps, R2* maps, and QSM of the same 

subject from all sequences, to map them into the MNI template.

Iron-rich basal ganglia structure labels in the ATAG young atlas44 including globus 

pallidus (GP), putamen (PU), caudate (CN), red nucleus (RN) and substantia nigra (SN), as well 

as cerebral cortex and cerebral white matter labels from Harvard-Oxford atlas, were used as ROI 

masks, and mean susceptibility, R2*, and T1 values were calculated in each individual’s native 

space after inverse transformation. These measurements were compared between different 

sequences using paired t-tests, including comparisons of R2* and QSM from ME-MP2RAGE to 

those from ME-GRE, as well as T1 map from ME-MP2RAGE to that from SE-MP2RAGE.
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RESULTS

Multi-parametric outputs from ME-MP2RAGE

The raw and composite images of different contrasts from the ME-MP2RAGE sequence are 

illustrated in Figure 2. The T1-weighted image and T1 map both show excellent contrast 

between cortical GM, WM, CSF, and some basal ganglia structures, such as caudate and 

putamen. R2*, SWI, and especially QSM, show clear boundaries of globus pallidus and 

thalamus, in addition to caudate and putamen, which are difficult to delineate in T1 images. In 

addition, the mIP image illustrates excellent visualization of the veins.

T1-weighted image and quantitative T1 map

The T1-weighted images of 4 individual echoes as well as the sum-of-squares combined image 

are shown in Figure 3a. The cortical-GM/WM/CSF contrasts from different echoes appear very 

similar, however the SNR decreases with longer echo times, which is more evident in the 

zoomed-in images in the bottom row of Figure 3a. The sum-of-squares (SoS) combined T1-

weighted volume maintains similar cortical-GM/WM/CSF image contrast while enhancing SNR. 

However, with the increase of TE in later echoes, more noticeable T2*-weighed contrast is 

induced in iron-rich basal ganglia structures. As shown in Supporting Information Figure S1, in 

the T1-weighted images from conventional SE-MP2RAGE (TE = 2.96 ms) and from the first 

echo of ME-MP2RAGE (TE = 2.38 ms), globus pallidus has little contrast to surrounding white 

matter (red arrow). However, in the weighted images from the last echo of ME-MP2RAGE (TE 

= 9.1 ms) and the SoS combined, globus pallidus appears much darker than surrounding white 

matter, due to more pronounced T2* contrast.

The quantitative T1 maps from multiple echoes and their average map are shown in 

Figure 3b. In general, the T1 maps display very similar contrast among different echoes. 

However, it is observed in the zoomed images at the bottom row of Figure 3b that SNR 

decreases with echo time. The average T1 map shows similar image contrast but with increased 

SNR. The comparison of T1 maps between the conventional SE-MP2RAGE and the echo-

averaged ME-MP2RAGE is shown in Figure 4. T1 maps from the two MP2RAGE sequences 

appear very similar.
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A voxel wise comparison of the quantitative T1 maps from multiple echoes is shown in 

Supporting Information Figure S2. Most of the differences between T1 maps from TE1 and TE4 

occur near the frontal brain region due to the significant signal decay in longer echo time, as 

indicated by the red arrows. Standard deviation (std) maps show small values in a uniform white 

matter region, for example only 53 ms in the white ellipsoid ROI with a mean T1 value of ~1200 

ms. The largest deviation is found in region near the sinus cavity, with a standard deviation of 

257 ms in the black ellipsoid ROI with a T1 value of ~1600 ms. Note that there are larger 

standard deviations near borders of CSF regions, which is due to the partial volume effect in 

voxels with a mix of CSF and WM/GM.

Comparison of R2* maps from different sequences

R2* maps calculated from the 4 bipolar echoes at the second inversion time of the ME-

MP2RAGE sequence were registered and compared to those calculated from the 9 bipolar 

echoes of the ME-GRE sequence in Figure 5. Iron-rich basal ganglia in three orthogonal slices 

show similar hyperintense contrast in both methods. However, there is a larger fitting residual, 

i.e. normalized sum-of-squared errors of prediction (SSE), in the ME-MP2RAGE than the ME-

GRE sequence. Visually, R2* map from ME-MP2RAGE also appears noisier than from ME-

GRE. While the SNR is difficult to accurately evaluate in the highly heterogenous human brain, 

a regional standard deviation was measured to give a sense of SNR for the sake of comparison, 

by drawing an ROI in white matter in the sagittal plane (white box), where R2* appears 

relatively uniform on both sequences. The standard deviation of ME-GRE is 2.6 s-1, while the 

standard deviation of the ME-MP2RAGE is 4.0 s-1, and the mean R2* value for both sequences 

is ~30 s-1. In addition, the R2* map from ME-GRE appears sharper than that from ME-

MP2RAGE due to the blurring effect of T1 inversion recovery in ME-MP2RAGE.

R2* maps of segmented GM and WM from three methods (i.e. 9-echo GRE, 3-echo 

GRE, and 4-echo ME-MP2RAGE) were compared in Supporting Information Figure S3. It can 

be seen that for GM all three methods look very similar, except in the cerebellum. However, for 

WM it is obvious that the two shorter echo trains look similar to each other and produce higher 

R2* estimates than longer TE 9-echo GRE sequence. 

SWI and mIP from multiple echoes
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Echo-combined SWI and mIP images of ME-MP2RAGE are compared with results from the 

single last echo of ME-MP2RAGE in Figure 6. It is observed that the echo-combined SWI shows 

better GM-WM contrast and significantly improves SNR compared to the single-echo SWI, as 

clearly shown in the zoomed-in images. The echo-combined mIP also displays more and higher 

contrast vessel projections than mIP from the last echo only.

SWI images from ME-MP2RAGE are compared with those from ME-GRE in Supporting 

Information Figure S4. It can be seen that SWI extracted from both sequences displayed 

enhanced contrast in iron-rich deep grey matter regions and veins. However, they have different 

GM-WM-CSF contrast due to their different weighted magnitude base. The magnitude of ME-

MP2RAGE has more T1 mixed contrast than the ME-GRE. CSF appears much darker in ME-

MP2RAGE than in ME-GRE, which makes it difficult to be distinguishable from veins.

POEM coil combination for phase

Siemens 7 T scanner default adaptive combined phase and the resulting local field and QSM are 

compared with results derived from the POEM combined phase in Figure 7. Arrows point to 

phase singularities (i.e. open-ended fringe lines) due to the phase combination error in the default 

adaptive-combine method. These phase singularity errors cause substantial artifacts in local field 

map and the final QSM image as shown in Figure 7a (arrows). Using the proposed POEM 

method, individual-channel phase-offsets in odd and even echoes are estimated and removed. 

The POEM combined phase images are free of singularities and lead to artifact-free local field 

maps and QSM, as illustrated in Figure 7b. The phase-offset difference, due to eddy currents, 

between odd and even echoes from different readout polarities is shown in Supporting 

Information Figure S5. The POEM method was also used to combine phase images for the multi-

echo GRE sequence (i.e. 9 bipolar readouts) and the results are shown in Supporting Information 

Figure S6, where offset-corrected phase images from individual channels display similar phase 

wrap patterns. Multi-channel phase images are properly combined with no singularities and 

successful local field and QSM results are obtained following standard QSM reconstruction 

pipeline.

Comparison of QSM from different sequences
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QSM images extracted from the ME-MP2RAGE sequence are co-registered to and compared 

with those from the ME-GRE sequence in three orthogonal slices in Figure 8. QSM images from 

the two sequences appear very similar. Iron-rich basal ganglia show hyperintense contrast while 

WM shows hypointense contrast in QSM from both ME-MP2RAGE and ME-GRE. 

ROI measurements of brain tissue

T1, R2*, and susceptibilities measured in globus pallidus (GP), substantial nigra (SN), red 

nucleus (RN), putamen (PU), caudate nucleus (CN), cerebral WM, and cortical GM, from all 9 

subjects are compared in the bar plots in Figure 9. In general, susceptibility and R2* decrease 

while T1 increase in the order of GP, SN, RN, PU, and CN. T1 values from ME-MP2RAGE are 

consistent with those from SE-MP2RAGE, while R2* and QSM measurements of basal ganglia, 

WM, and cortical GM from ME-MP2RAGE are consistent with those from ME-GRE. Paired t-

tests found statistically significant differences (uncorrected, P < 0.05) in T1 values from ME-

MP2RAGE and SE-MP2RAGE in SN (3.0%); R2* values from ME-MP2RAGE and ME-GRE 

in CN (10.0%) and WM (6.8%); susceptibility values from ME-MP2RAGE and ME-GRE in GP 

(5.3%). The measurements (i.e. susceptibility of 0.06 – 0.14 ppm; R2* of 40 – 80 s-1; T1 of 1200 

– 2000 ms) are consistent with literature.45–47

DISCUSSION

We have demonstrated a multi-echo MP2RAGE sequence at 7 T with tuned acquisition 

parameters to achieve whole brain multi-parametric imaging with sub-millimeter spatial 

resolution in about 8 and a half minutes. Using a customized image reconstruction pipeline, 

anatomical T1-weighted, T1 map, R2* map, SWI, mIP, and QSM images were derived from the 

single acquisition, which normally requires separate SE-MP2RAGE and ME-GRE acquisitions. 

The scan time of our ME-MP2RAGE is more than 50% shorter than the combined dual 

acquisitions. In addition to reducing scan time, the simultaneously acquired maps are 

intrinsically aligned, which eliminates the need for multi-modal image registrations that can be 

problematic, especially at ultra-high fields. Furthermore, the combination of different contrasts, 

such as T1-weighted image and QSM, may enable more accurate QSM atlas construction48 or 

improve brain segmentations in basal ganglia regions.18 Quantitative MRI measurements, 

including T1, R2* and QSM from ME-MP2RAGE are similar to those from standard SE-
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MP2RAGE and ME-GRE sequences, with a few statistically significant but small differences. 

However, in general, images produced from ME-MP2RAGE have lower SNR and more blurring 

than those from standard separate sequences (i.e. SE-MP2RAGE and ME-GRE), mainly due to 

shorter echo times and longer readout during inversion recovery. Nevertheless, our measured T1 

values of brain tissue are in excellent agreement with a previous report at 7 T.45 R2* and 

susceptibilities of brain tissue reported in our study are also consistent with 7 T literature.46,49

Since the introduction of the original MP2RAGE sequence,2 numerous variants of the 

sequence have been proposed, such as monopolar ME-MP2RAGE, which enables T2* and 

susceptibility-induced contrasts in addition to T1 contrasts. However, the previously proposed 

ME-MP2RAGE method3 required a scan time of about 20 minutes and the coil combination 

technique employed for phase suffered from significant artifacts. Here we propose two 

modifications to the ME-MP2RAGE sequence to achieve a clinically feasible scan time (~8.5 

min), while producing the same array of MR images. We applied GRAPPA in the first phase-

encoding dimension, outside of the inversion loop, and used bipolar GRE readouts, instead of the 

original implementation with GRAPPA in the second phase-encoding dimension and monopolar 

readouts, to boost the acquisition efficiency and substantially cut the scan time. We note that 

another recent study modified the sequence to keep a single echo at the first inversion time, 

while enabling multiple echoes at the second.5 Shortening scan time is particularly important for 

studying pediatric and cognitively impaired elderly populations who cannot tolerate long scan 

durations. In addition to acquisition improvements, we modified ME-MP2RAGE reconstruction 

pipelines to take advantage of the multiple echoes. It has been shown that multi-echo MP2RAGE 

achieves higher SNR efficiency over single-echo at 3 T.4 In this paper, T1-weighted images and 

T1 maps derived from individual echoes were combined to increase the SNR while maintaining 

contrast map accuracy. 

In the original single-echo2 and multi-echo3 MP2RAGE papers, a low flip angle approach 

was used to minimize the B1+ inhomogeneity effect. We investigated the effects of using higher 

flip angles (i.e. 8 and 10 degrees) in our short acquisitions with high sampling bandwidths. A 

comparison of different flip angles is demonstrated in Supporting Information Figure S7. We 

observed that: (i) there is less signal dropout in the cerebellum with higher flip angles; (ii) R2* 

maps calculated from the lower flip angles acquisition are noisier, especially in cerebellum; and 

(iii) the SNR boost from higher flip angles is less obvious in QSM, which may due to the image 
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regularization used during dipole inversion. Based on these observations, we adopted the higher 

flip angles of 8 and 10 degrees. The different results shown in Supporting Information Figure S7 

due to different flip angles also suggest the residual B1+ inhomogeneity effects. This B1+ 

dependency can be further reduced by acquiring an additional B1 map to correct the T1-weighted 

images and T1 maps according to lookup tables with sequence parameters.50 Nevertheless, our 

GRE TR from the proposed ME-MP2RAGE is shorter than the original SE-MP2RAGE, which 

also leads to lower B1+ contamination.

QSM is a post-processing technique that performs dipole field inversion on local 

phase10,40,51–53 or total phase maps14,54,55 to map the magnetic susceptibility source distribution. 

Unlike other quantitative MRI metrics, such as T1, T2, and T2*, magnetic susceptibility is a 

tissue property that is, in theory, independent of magnetic field strength and sequence 

parameters. A standard multi-echo gradient-echo (ME-GRE) sequence is the most used 

technique for QSM, while other acquisition methods such as EPI,55,56 fMRI,57 or water saturation 

shift techniques58 have also been proposed. Phase pre-processing is critical for successful QSM 

reconstruction. As shown in the previous ME-MP2RAGE paper3 and also demonstrated in the 

current study, QSM processed from standard scanner output images can result in substantial 

artifacts due to phase singularities in the default adaptive combined phase from multiple receiver 

channels, at ultra-high field with no body coil. Here we have proposed a new technique, called 

POEM, to estimate and remove the channel-dependent phase-offsets from individual channels 

before combining them. The POEM method also removes the phase-offset between odd and even 

echoes from two readout polarities due to eddy currents from the gradients system.31,33 This 

enables successful QSM using a more efficient bipolar acquisition. POEM is demonstrated to 

properly combine phase images from multiple channels without introducing phase singularities, 

in both ME-MP2RAGE and ME-GRE sequences with bipolar acquisitions. The POEM method 

does not require a separate reference scan,27 which can be problematic if the subject’s head has 

moved between calibration and actual scans. It also does not require specific echo times,28 which 

significantly constrains the sequence parameters. Compared to other coil combination 

methods,59,60 the POEM method completely removes the phase offsets that originate from 

individual receiver coils and different readout polarities. Robust QSM images with no phase-

singularity or bipolar-readout induced artifacts are derived for both ME-MP2RAGE and ME-

GRE acquisitions.
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The echo times of our ME-MP2RAGE are shorter than those from the Metere et al.’s,3 

due to the fact that we implemented GRAPPA in the first phase-encoding dimension, rather than 

the second phase-encoding dimension, to achieve a clinically feasible scan time. Even though 

our echo times are shorter than the optimal values for QSM and R2* at 7 T,61 no substantial 

difference is observed in R2* or QSM, comparing our implementation (last TE of 9.10 ms) with 

Metere’s (last TE of 15.82 ms) in Supporting Information Figure S8, except improved SNR in 

R2* map in the longer scan, especially in cerebellum. This SNR improvement is not apparent in 

QSM results, likely due to the image regularization process during the dipole inversion. Note that 

long TEs for the ME-MP2RAGE sequence also come with disadvantages compared to its single-

echo version. For example, an increase of TE alters the inversion recovery curve and increases 

the T1 modulation and blurring effect, which may degrade image quality. Nevertheless, our TEs 

are relatively short and thus the readout duration is slightly shorter than the Metere 

implementation, which in theory reduces the T1 blurring. There is also more T2* weighting in 

the magnitude images from later echoes, which gives a mixed T1-weighted and T2*-weighted 

contrast in the magnitude image. This may not be ideal for image registration using conventional 

T1-weighted templates. To extract purer T1-weighted contrast, images from the shortest echo 

time (TE1) should be used. Alternatively, one can also acquire single echo in first TI and multiple 

echoes in second TI, as demonstrated by Caan et al.5 On the contrary, other studies have been 

proposed to make use of the mixed T1/T2* contrast to enhance deep grey matter contrast on 

conventional T1-weighted images to improve basal ganglia segmentation,62 especially for the 

globus pallidus.18

R2* values estimated from our proposed ME-MP2RAGE in GM regions are in good 

agreement with the long echo ME-GRE sequence (last echo time of 21.42 ms), while R2* values 

in WM derived from the ME-MP2RAGE sequence are higher than ME-GRE sequence, and the 

bias is likely due to the different ranges of echo times. Nevertheless, in the future we will 

implement parallel imaging techniques, such as GRAPPA or CAIPIRINHA63 inside the 

inversion loop to enable longer echo times and shorter readout length, while still maintaining 

acceptable scan times. This may also eliminate the need for partial Fourier in both phase-

encoding directions and thus recover the native spatial resolution from about 1 mm to 0.75 mm 

isotropic. Current implementation of the ME-MP2RAGE sequence for extracting multi-

parametric maps are directly applicable to 7 T only. Increased echo times could also make the 
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sequence feasible for QSM and SWI at 3 T. The shortened readout length during inversion 

recovery would also reduce the T1 blurring effect. 

CONCLUSIONS

We have presented a bipolar multi-echo MP2RAGE sequence with a scan time of 8 and a half 

minutes that can produce whole-head, high-resolution, multi-parametric maps simultaneously, 

including T1-weighted images, T1 map, R2* map, SWI, mIP, and QSM. A reconstruction 

algorithm is also presented that exploits the multi-echo acquisition to improve SNR and combine 

the multi-channel phase images in a robust manner. This single ME-MP2RAGE sequence can 

replace the acquisition of separate MP2RAGE and ME-GRE measurements at 7 T, with the 

benefits of intrinsic registration of different MRI contrasts and substantially shortened total scan 

time.
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TABLE

Table 1: Summery of key parameters, multi-parametric outputs, and scan time of different 

sequences at 7 T.

Sequence Resolution Echo times Multi-modal Parallel imaging Scan time

ME-GRE 0.75 mm iso
5.10 ms – 21.4 ms

(9 bipolar echoes)
SWI, T2* map, QSM GRAPPA = 2 9:25 mins

SE-MP2RAGE 0.75 mm iso 2.96 ms T1w, T1 map GRAPPA = 3 8:12 mins

ME-MP2RAGE 0.75 mm iso
2.38 ms – 9.10 ms

(4 bipolar echoes)

T1w, T1 map,

SWI, T2* map, QSM
GRAPPA = 3 8:27 mins

FIGURE CAPTIONS

Figure 1: Illustration of the bipolar ME-MP2RAGE sequence diagram. The drawn ME-GRE 

readouts represent the middle step of the inner phase encoding loop, which corresponds to the 

center line of k-space in the slice dimension.

Figure 2: Magnitude and phase images of multiple echoes at two inversion times from the ME-

MP2RAGE sequence are shown on the left. The simultaneously derived T1-weighted, T1 map, 

R2* map, SWI, mIP and QSM images from this single acquisition are demonstrated on the right.

Figure 3: (a) T1-weighted images derived at different echo times, as well as the echo-combined 

image using sum-of-squares (SoS). Zoomed-in images of the white box region illustrating tissue 

contrast and signal-to-noise are shown at the bottom row of (a); (b) Quantitative T1 maps at 

different echo times as well as the average. Zoomed-in images in the white box region are shown 

at the bottom row of (b). Images are acquired from a healthy 56-year-old female.

Figure 4: T1 maps, in three orthogonal slices, of the same subject from the ME-MP2RAGE (left 

column) and the SE-MP2RAGE (right column) acquisitions. Images are acquired from a healthy 

26-year-old male.
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Figure 5: (a, b) R2* maps from the 9-echo ME-GRE sequence and 4-echo ME-MP2RAGE 

sequence, in three orthogonal slices. (c, d) Sum of squared errors of prediction (SSE) from the 

R2* fitting residuals for both sequences. White boxes in (a) and (b) indicate the ROI drawn for 

standard deviation measurements.

Figure 6: SWI and mIP along with their zoomed-in images from the single last echo and 

combined multiple echoes are displayed at the top and bottom rows respectively. Images are 

acquired from a 35-year-old male.

Figure 7: Demonstration of the improved QSM results using the POEM method for coil 

combination in two axial slices. The vendor default adaptive combination method (a) results in 

substantial aritfacts (arrows) in the combined phase, local field and QSM images, while the 

POEM results (b) are artifact free.

Figure 8: Susceptibility maps, in three orthogonal slices, of the same subject from the ME-

MP2RAGE (top row) and the ME-GRE (bottom) acquisitions. Images are acquired from a 

healthy 32-year-old male.

Figure 9: ROI measurements of T1, R2*, and susceptibility in globus pallidus (GP), substantial 

nigra (SN), red nucleus (RN), putamen (PU), and caudate nucleus (CN), cerebral white matter 

(WM), and cortical grey matter (GM) are compared between different sequences, using means 

and standard deviations from the 9 healthy subjects (age: 32.4 ± 5.4, 1 female). Asterisks 

indicate significant differences (uncorrected, P < 0.05).

Supporting Information Figure S1: T1-weighted images from SE-MP2RAGE, as well as from 

first, last, and combined echo of ME-MP2RAGE. Zoomed-in region of deep grey matter is 

shown in the bottom row. Red arrows point to the iron-rich globus pallidus. Images are acquired 

from a healthy 27-year-old male.
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Supporting Information Figure S2: Comparison of quantitative T1 maps from the first echo 

(first column) and the last echo (second column) of the ME-MP2RAGE sequence in three axial 

slices. Difference maps are shown in the third column by subtracting T1 (TE4) from T1 (TE1); 

standard deviation maps as shown in the last column are computed voxel-wise from T1 maps 

calculated from the 4 different TEs; red arrows point to areas with noticeable differences 

between the two TEs. Two ROIs are drawn: one in a uniform white matter region (white 

ellipsoid) and another in the frontal brain region close to sinus (black ellipsoid). Measurements 

of the two ROIs are reported in the table.

Supporting Information Figure S3: R2* maps of the segmented grey matter (top two rows) 

and white matter (bottom two rows) from (i) ME-GRE sequence using all the 9 echoes (first 

column); (ii) the same ME-GRE acquisition but using only the first 3 echoes (middle column); 

(iii) ME-MP2RAGE sequences using all the 4 echoes (last column). Red arrows point to regions 

appearing different intensities among the three columns.

Supporting Information Figure S4: SWI images, in two axial slices, of the same subject from 

the ME-MP2RAGE (left column) and the ME-GRE (right column) acquisitions. Images are 

acquired from a healthy 25-year-old male.

Supporting Information Figure S5: (a) Odd-echo phase-offsets images of 32 individual 

channels from the bipolar ME-MP2RAGE sequence; (b) Even-echo phase-offsets images from 

the opposite readout polarity; (c) Phase-offsets difference between different readout polarities 

due to eddy currents.

Supporting Information Figure S6: (a) raw phase images of 32 individual channels from the 

ME-GRE sequence; (b) corrected phase after phase-offset removal; (c) local field maps and (d) 

QSM in orthogonal slices containing basal ganglia.

Supporting Information Figure S7: Coronal T1w, R2* and QSM slices from the ME-

MP2RAGE sequence with flip angles of 4/5 and 8/10. Cerebellum is zoomed-in for better visual 

comparison between different flip angles.
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Supporting Information Figure S8: Orthogonal slices of the R2* maps and QSM generated by 

our proposed 4-echo ME-MP2RAGE sequence and the 7-echo Metere version. Red arrows point 

to noticeable differences in R2*.
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